ABSTRACT
INTRODUCTION
Roosting ecology has played a major role in chiropteran evolution (Kunz & Lumsden 2003) . The types of roosts used by bats have been correlated with several aspects of their morphology and ecology, from pelage patterns and skull characteristics to group size and social organisation (Allen 1939 , Kunz 1982 , Fenton & Simmons 2014 . With 204 species, Phyllostomidae ranks among the largest families of mammals and is considered the most diverse bat family in terms of roosting ecology (Fenton & Simmons 2014 . Currently known diurnal roosts used by phyllostomid bats include cavities in standing and in fallen trees, tree barks, vine tangles, caves, crevices and shallow grottoes, rock outcrops, termite nests, and foliage (Kunz & Lumsden 2003 , Voss et al. 2016 .
Among this wide array of roosts, the habit of foliage roosting in Phyllostomidae is restricted to the frugivorous species, mostly those within the subfamily Stenodermatinae (Voss et al. 2016) . Moreover, there are several species of foliage-roosting phyllostomids that actively modify leaves into more protected shelters, called tents . Tent production and use is a relatively rare phenomenon and has been recorded only in three families of bats: Phyllostomidae, Pteropodidade, and Vespertilionidae .
Foliage roosts differ from cavity-like shelters, such as caves and tree hollows, because they are more ephemeral and susceptible to changes in temperature and humidity (Kunz & Lumsden 2003) . Bat species that roost in foliage usually have low roost fidelity and tend to be either solitary or to roost in small groups, as the available space and the weight-bearing capacity of the leaves may represent constraints (Chaverri & Kunz 2010 , Parker-Shames & Rodríguez-Herrera 2013 . Other phenotypic traits that seem to be under strong selective pressure among foliage-roosting species are the pelage markings, such as stripes and spots. Particularly in the case of stripes, they may have a function in crypsis by creating a disruptive pattern that camouflages the bats from visually oriented predators (Fenton 1992 .
While tent-roosting species have been relatively well studied (see Timm 1987 , Rodríguez-Herrera et al. 2007 , Chaverri & Kunz 2010 and references therein), there is little information on the roosting habits of stenodermatine bats that do not shelter in leaves modified as tents (see compilation in Voss et al. 2016) . Moreover, some researchers speculating on how many times foliage roosting and tent roosting evolved among Neotropical fruit bats have considered incomplete and outdated evolutionary hypotheses for the family (Timm 1987 . Therefore, a subfamily-wide analysis of the diversity of roosting habits in Stenodermatinae focusing on the evolution of roosting habits within the subfamily under a robust phylogenetic framework is warranted.
In this study, we conduct a review of the records of roost use by Stenodermatinae bats to reconstruct the evolution of foliage roosting in the Phyllostomidae phylogeny. We also test whether the use of different types of roost by these bats might have driven the evolution of two character complexes potentially related to the roosting ecology of Neotropical fruit bats: pelage markings and body size. We predict that the presence of pelage markings will be correlated with foliage roosting. Thus, we expect that within-clade loss of stripes or spots will be correlated with a shift in roosting behaviour from foliage to cavity-like shelters. We also predict that, due to space constraints, foliage-roosting bats will be smaller than those that use other types of shelters.
METHODS

Roosting data
To obtain data on roosting preferences of bats, we searched the literature, including the extensive compilations of information on Neotropical tent-using bats by Rodríguez-Herrera et al. (2007) and on bat roosts in the Amazon by Voss et al. (2016) , and conducted additional searches in Google Scholar and Web of Science using combinations of the following English words: "bat*" OR "Chiroptera" AND "tent*", "cave*", "stenodermatinae", "foliage", "roosting ecology", and "roost*". We also carried out searches using the Portuguese words: "morcego*" AND "tenda*", "abrigo diurno", "folhagem", "caverna*"; and the Spanish words "murcielago*" AND "tienda*", "refugio*", and "cueva*". When they were available online, we included data from theses and dissertations.
We only used records of bats that were based on direct observations of roosts, when at least one voucher specimen was secured, or when the specimen was photographed and the picture unambiguously allowed for its identification. Only a few studies included here do not specify the number of roosting observations, in which cases we adopted a conservative approach and treated the mention as a single observation.
We also included unpublished roosting data available in the catalogue book of the Coleção de Chiroptera, Departamento de Zoologia da UNESP de São José do Rio Preto, Brazil, and a single observation of roost use by Platyrrhinus infuscus made by the authors in Puerto Maldonado, Peru in September 2016 (Appendix S1).
Classification of roost type follows Voss et al. (2016) with modifications, as we placed foliage roosts into three categories. The categories we used were as follows:
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• Cavity in fallen tree (CFT): any interior space in fallen trees.
• Cavity in standing tree (CST): any interior space in living or dead standing trees.
• Foliage, leaf tent (FOL-LT): any leaf or leaflet that has been actively modified by partial chewing of its veins or midribs to become a tent-like roost. The modified parts normally collapse and form an enclosure where bats roost ).
• Foliage, unmodified foliage (FOL-UF): any leaf, leaflet, stem, or vine tangle that has not been actively modified. This category includes bats roosting relatively unprotected under unmodified large leaves such as Musa spp. and Cocos nucifera (e.g. Timm & Lewis 1991) , and bats roosting hidden in dense foliage (e.g. Fenton et al. 2001 ).
• Foliage, undetermined (FOL-UND): this category was used when the description of the roosting observation did not allow us to determine the type of foliage roost that the animal was using.
• Rocks, crevices, or caves (R/C): any shaded space enclosed by rocks, such as crevices, cracks, and fissures in large rocks, limestone caves, arenitic caves (Voss et al. 2016) , or iron caves (Tavares et al. 2012 ).
• Undercut earth bank (UEB): any recess covered by roots or soil, located close to a body of water, such as at the margin of a river or in a ravine.
Taxonomy of genera and species follows Gardner (2008) , except for the following cases: (1) we use the recently described genera Gardnerycteris and Hsunycteris (Hurtado & Pacheco 2014 , Parlos et al. 2014 ; (2) we treat Platyrrhinus incarum as a species, not as subspecies of Platyrrhinus helleri, and include the newly described species Platyrrhinus fusciventris following Velazco et al. (2010) ; (3) we consider Uroderma convexum as a separate species from Uroderma bilobatum following Mantilla-Meluk (2014); (4) we consider Vampyrodes major as a full species following Velazco and Simmons (2011) ; (5) we follow Velazco and Patterson (2013) and recognise Sturnira parvidens and Sturnira hondurensis as valid species. We use the tribe and subtribe classification of Stenodermatinae, as initially proposed by Baker et al. (2003) and formally diagnosed by Baker et al. (2016) . This taxonomic arrangement recognises two tribes, Sturnirini and Stenodermatini, and subdivides the latter into five subtribes: Artibeina, Ectophyllina, Enchistenina, Stenodermatina, and Vampyressina.
Molecular phylogeny
To study the evolution of roosting ecology in Stenodermatinae within a phylogenetic framework, we estimated the molecular phylogeny of Phyllostomidae based on two mitochondrial genes (Cytochrome b gene and Cytochrome Oxidase subunit I) and one nuclear gene (Recombination-activating gene 2). We downloaded from GenBank 249 sequences of 92 taxa, which included all genera of Phyllostomidae for which information on roosting habits is available, and most Stenodermatinae taxa for which there were sequences available (Appendix S2). Sequences were aligned using MUSCLE (Edgar 2004) . The best-fitting nucleotide substitution model for each gene was the GTR + G + I, as inferred using JModeltest 2 (Darriba et al. 2012) .
Phylogeny was estimated using MrBayes 3.2.6 (Ronquist et al. 2012 ) using the Markov Chain Monte Carlo (MCMC) algorithm with 20 million generations and sampling at every 1000 generations. We used four independent runs with a burn-in proportion of fraction of 0.25. We divided the data into three unlinked partitions (one for each of three genes). Convergence of the four MCMC chains was checked via the ESS values as shown in Tracer 1.6 (Rambaut et al. 2014) .
The tree we used to simulate the evolution of the foliage roosting in Phyllostomidae contained 79 taxa, as we pruned 13 Stenodermatinae species for which we found no available information on roosting habits, and removed Pteronotus parnelli, the only non-phyllostomid included in the analysis.
Character evolution
We reconstructed the history of foliage roosting in the Phyllostomidae tree using stochastic character mapping (Huelsenbeck et al. 2003) , as implemented in the make. simmap function of R package phytools (Revell 2012 (Revell , 2013 . This method involves randomly sampling the evolutionary history of each character, considering its posterior probability as determined by a given model of character evolution, the tree topology, and the branch lengths. In this reconstruction, we estimated the posterior probability distribution in our transition rate matrix using MCMC, and simulated 3000 stochastic maps conditioned on each sampled value of the matrix.
Because this stochastic mapping method does not incorporate polymorphisms, in the few cases of species that roost both in cavities and in foliage, we scored the roosting habits according to the most prevalent roost, that is, the roost most frequently reported for the species in the literature.
To test whether pelage traits are related to the roosting ecology of stenodermatine bats, we considered three distinctive types of pelage markings: (1) facial stripes, including both superciliary and cheek paired facial stripes; (2) a longitudinal dorsal stripe; and (3) white shoulder and neck spots (Fig. 1) . When the facial stripes were present, but faint (e.g. in Platyrrhinus infuscus) or virtually absent (e.g. in Chiroderma villosum), the taxon was scored as not having contrasting pelage markings. A taxon-character matrix is available in Appendix S3.
Correlation between contrasting pelage markings and foliage roosting was inferred by using the phylogenetic logistic regression of Ives and Garland (2010) implemented in the phylolm package in R (Ho et al. 2016) . We tested for correlation by lumping all types of markings (facial stripes, dorsal stripe, and shoulder spots), and also by considering each category of pelage marking separately. All analyses were performed with 1000 bootstrap replicates.
RESULTS AND DISCUSSION
Roosting ecology of Stenodermatinae
We found 1234 records of roost observations for 48 stenodermatine bat species from 138 localities, the majority of which (951 records or 77%) consisted of observations of animals roosting in foliage (Table 1, Fig. 2 ). Most of the foliage roosting records were of tent-roosting bats (710 of 951), probably because studies of roosting behaviour in stenodermatines are biased towards species that use tents as shelters. Caves and rock crevices (199 records, 16%) were the second most frequent type of roost recorded, followed by cavities in standing trees (68 records, 5.5%). Tent use was recorded for a total of 19 species, one more than the number of tent-roosting bat species previously compiled by Hernández-Mijangos and Medellín (2013).
As indicated in previous studies, several stenodermatine species appear to be specialised in specific roost types. Some stenodermatines are tent specialists, such as Artibeus watsoni and Ectophylla alba (Rodríguez-Herrera et al. 2007) , and members of Stenodermatina (the short-faced bats) appear to use foliage roosts exclusively. Several observations indicate that Sturnira species prefer to use hollow tree cavities as roosts (Table 1 ). Some genera show interspecific variation in roosting habits: Platyrrhinus lineatus is more commonly found roosting in foliage, while Platyrrhinus infuscus uses tree hollows and rock cavities; Artibeus lituratus is a foliage roosting species (with sporadic records in caves), and Artibeus fimbriatus has been found in cavity shelters (hollow trees and caves) only.
Some species that are apparently roost generalists show geographical variation in roosting habits. Artibeus planirostris roosts preferably in caves in the Brazilian Caatinga (Cordero-Schmidt et al. 2016) , but is commonly found roosting in foliage in the Brazilian Amazonia (de Carvalho 
Roosting ecology of Stenodermatinae bats G. S. T. Garbino and V. C. Tavares   Table 1 . Observations of roosting Stenodermatinae bats from the literature, divided by roost type. Roost types are: cavity in fallen tree (CFT); cavity in standing tree (CST); foliage, leaf tent (FOL-LT); foliage, unmodified foliage (FOL-UF); foliage, undetermined (FOL-UND); rocks, crevices, or caves (R/C); undercut earth bank (UEB). N = sample size. Subgenera (Artibeus) and (Dermanura) are abbreviated as (A.) , 10, 14, 33, 34, 36, 71, 72, 82, 86, 87, 96, 98, 104, 112, 114, 117, 121, 123 (Continued) 1961, Jimbo & Schwassmann 1967) . The shift towards cave roosting by Artibeus planirostris in the Caatinga is probably related to the constraints of using the deciduous foliage of the Caatinga (Rocha et al. 2015) . Likewise, Artibeus jamaicensis is recorded more commonly in caves in the Antilles, while it uses tree hollows and foliage in continental Central America (Silva-Taboada 1979, Morrison & Handley 1991 , Genoways et al. 2005 ).
Evolution of foliage roosting in Stenodermatinae
Stochastic mapping of foliage roosting in Phyllostomidae phylogeny estimated an average of 9.36 character state changes. Of these, a total of 2.68 state changes occurred from cavity to foliage roosting, and 6.68 changes occurred from foliage to cavity roosting. Considering the character reconstruction, it is likely that foliage roosting evolution consisted of a single event within Phyllostomidae, and may be considered a synapomorphy uniting Rhinophylla to Stenodermatinae (Fig. 3) . Additional state changes from foliage to cavity roosting were represented by the reversions observed in Artibeus, Chiroderma, Platyrrhinus, and Sturnira, which occurred at least six times independently (Fig. 3) . Voss et al. (2016) suggested that the increase in the rate of diversification at the base of Stenodermatinae as inferred in the phylogenetic reconstructions of the Phyllostomidae (e.g. Rojas et al. 2011 Rojas et al. , 2016 ) might be related to foliage roosting and not only to a dietary shift towards frugivory, as is generally hypothesised (e.g. Dumont et al. 2011 , Rojas et al. 2011 ). According to our reconstruction, foliage roosting and strict frugivory appeared concomitantly in the lineage from which the Rhinophyllinae and Stenodermatinae originated, indicating that these two traits are functionally linked and might have acted together in providing access to novel resources. However, the role of the ecological shift in roosting behaviour in the evolutionary radiation of this group is unclear. Species of Sturnira, one of the most species-rich genus of the subfamily, predominantly use tree cavities as their roosting sites, and tree-cavity roosting in this genus probably evolved from foliage roosting. Likewise, the two most species-rich genera, Artibeus and Platyrrhinus, have species that secondarily evolved other roosting behaviours, such as using cavities in standing trees and caves as roosts (Table 1 ). All types of pelage markings, analysed together, predicted the type of roost (coefficient = 3.82, bootstrapped 95% CI from 2.60 to 5.50, P < 0.001), corroborating part of the findings of Santana et al. (2011) who tested the correlation among pelage markings and roosting behaviour in the whole order Chiroptera, but did not include as many Stenodermatinae species. In separate analysis of markings, roost type was explained by the presence of contrasting facial stripes (coefficient = 2.02, bootstrapped 95% CI from 0.58 to 3.58, P = 0.008), but the presence of a dorsal stripe showed only a weak correlation with roosting types (coefficient = 0.52, bootstrapped 95% CI from −1.62 to 1.83, P = 0.55). The presence of white shoulder spots also could not be used to predict the type of roost, but this may be because this character is phylogenetically conserved and present in only seven taxa of the tree (Fig. 4) , and when character variation among terminals is low, phylogenetic correlations may not be detected (Ives & Garland 2010) .
Although the presence of bright facial stripes that contrast with the surrounding pelage is a synapomorphy for the tribe Stenodermatini ), on at least 10 occasions the stripes have become faint or virtually absent (Fig. 4) . Among Artibeus, Platyrrhinus, and in Chiroderma villosum, suppression of facial stripes appears to be related to cavity roosting, either in tree cavities or in rocky shelters. The evolutionary trend towards the suppression of facial stripes in these cases indicates that their maintenance may be regulated by strong selective pressures that may eventually be relaxed when the taxon uses a different type of roost. Gardner and Carter (1972) suggested that the faint facial and dorsal stripes of Platyrrhinus infuscus could be related to its cavity roosting habits, but we have found no further reports of correlations for other stenodermatines, as we have tested here. In Ectophylla and Mesophylla, the total loss of traces of facial stripes in the former and the presence of very inconspicuous stripes (or total absence of stripes) in the latter are related to the evolution of a uniformly lightcoloured body pelage, but the relation between this character and the type of roost could not be tested because of the artefact of having only two taxa bearing this character. In these two forms, the whitish body pelage and yellowish ears and noseleaf may help the animals to blend in with their surroundings during the day, as the light that passes through the sheltering leaves creates a diffuse yellowish-green environment (Koepcke 1984) .
Facial stripes are absent from all short-faced bats (Stenodermatina), and this clade appears to have another type of concealment strategy that is not fully understood, but which includes an overall dull, pale brown pelage and the presence of two pairs of bright white spots, one on the shoulder and one in the thorax below the elbows. Perhaps these markings play a predator-avoiding role by concealing these bats while they are roosting. Short-faced bats also have a broad dactylopatagium minus made of a translucent membrane, and a special arrangement of wrist bones that stay open even when the wing is folded (Vaughan 1970 , Tavares 2008 , so that the membrane could perhaps be used as a window through which the bats can look out for predators while they are resting (Tavares et al. in press ).
Evolution of tent roosting
Use of tents as roosts, as optimised via stochastic mapping in the Phyllostomidae tree, was estimated to have appeared 3.8 times on average. We suggest the occurrence of a minimum of two independent evolutions of tent roosting, once Fig. 3 . Density map, constructed from stochastic mapping of (0) cavity and (1) foliage roosting in Phyllostomidae. A total of 3000 stochastic maps were simulated, conditioned on the sampled posterior probability distribution of the transition rate matrix using MCMC. Pie charts at the nodes indicate the posterior probabilities of the character states. [Colour figure can be Cavity Foliage
Roosting ecology of Stenodermatinae bats G. S. T. Garbino and V. C. Tavares in the common ancestor of Rhinophyllinae and Stenodermatinae, and once in Platyrrhinus incarum. This reconstruction suggests that the common ancestor of Rhinophyllinae and Stenodermatinae may have been a tentmaking bat. Rhinophylla has not been observed making tents, although it has been suggested to be an opportunistic user of tents made by other species (Charles-Dominique 1993). Effectively, only Ectophylla alba has been recorded actively building tents in the field (Rodríguez-Herrera et al. 2006) , and therefore we lack compelling evidence to assume a tentmaking ancestral trait in the lineage from which Rhinophyllinae and Stenodermatinae originated. However, if Rhinophylla pumilio is found modifying foliage into tents, then the hypothesis of an ancestral tent-making species can be reconsidered. and Rodríguez-Herrera et al. (2007) suggested that tent-roosting bats weigh less than species that do not use this type of shelter. Comparing the forearm length (used as proxy for the overall size of the bat) with the type of roost used by Stenodermatinae bats, we found tent-roosting species to be significantly smaller than bats that roost in unmodified foliage and in cavities (t(41) = 2.66, P = 0.01; Fig. 5 ), which falsifies our prediction that species that roost both in tents and in unmodified foliage are smaller than cavity-roosting bats. Exceptions to this pattern are species that have occasionally been found roosting in tents: the large Artibeus jamaicensis and Artibeus lituratus, but the data available suggest that both species do not make tents (Brooke 1987 , Hernández-Mijangos & Medellín 2013 . These large Artibeus bats are likely to be opportunistic tent users, as both species are generalists using a wide array of roosts that include hollow trees, rock cavities, termite nests, and unmodified foliage (Table 1) . Another outlier is the short-faced Ametrida centurio, which is one of the smallest Stenodermatinae and is not known to use modified foliage as shelters. Chaverri and Kunz (2010) and Parker-Shames and Rodríguez-Herrera (2013) suggested that tent-roosting bat species would also have limited group sizes, and that many would roost in pairs or singly. These implications raise the question of whether species that roost under unmodified foliage are subject to the same size restrictions. We found no compelling evidence that tent roosting limits group size, as species that roost in unmodified foliage appear to roost in similar numbers to species roosting in tents. Vampyrodes caraccioli and Vampyrodes major groups range from two to four individuals (Husson 1954 , Goodwin & Greenhall 1961 , Morrison 1980 ; Platyrrhinus lineatus groups may contain 6-20 bats (Peracchi & Albuquerque 1971) ; and short-faced bats (Stenodermatina) have been observed roosting in groups of no more than five animals (Goodwin & Greenhall 1961 , Silva-Taboada 1979 , Angulo & Díaz 2004 ). On the other hand, colonies of bats of the same species, such as Artibeus jamaicensis, may vary in size depending on the roost used: colonies in tree hollows and caves are generally larger than colonies in foliage (Morrison 1979) .
Although having a smaller individual size, and consequently a smaller body mass, may be explained by the weight capacity of the leaves used by tent-roosting bats (Parker-Shames & Rodríguez-Herrera 2013), group size may not be limited exclusively by shelter-related restrictions. We suggest that other factors, such as phylogenetic constraints, may explain interspecific differences in group size.
CONCLUSION
We demonstrated that the type of roost used by bats is phylogenetically informative. Our results show that characters related to roost use are inherited and subject to selection, and that such characters therefore may explain some of the morphological variation seen in phyllostomid bats. Future studies incorporating more evidence, particularly on the poorly known roosting habits of several bat species, may shed light on possible correlations of historical shifts in diversification rates with the prevalence of determined roosting types, as also suggested by Voss et al. (2016) .
Roosting ecology of tent-using bats is not sufficiently known, but these species are relatively well-studied compared to stenodermatines that use rock cavities, shelter inside trees, or roost in unmodified foliage. Some stenodermatine taxa, such as Enchistenes hartii, Pygoderma bilabiatum, and species of Chiroderma, are particularly less studied regarding roost use. Future studies, including radiotelemetry complemented with roost searching, might reveal key aspects of the roosting ecology and social organisation of these taxa. Increased knowledge on the roosting ecology of these species will allow for more detailed estimations of the evolution of these character complexes within the diverse Stenodermatinae subfamily.
Fig. 5.
Comparison between forearm length of Stenodermatinae bat species that roost in tents and species that use other types of shelter. Mean values for forearm lengths were obtained from the literature. When sexual dimorphism in size was relevant, we used only the value for females. Ar. = Artibeus.
